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Trinucleotide repeat (TNR) expansions are the under-
lying cause of more than 40 neurodegenerative and
neuromuscular diseases, including myotonic dys-
trophy and Huntington’s disease. Although genetic
evidence points to errors in DNA replication and/or
repair as the cause of these diseases, clear molecular
mechanisms have not been described. Here, we
focused on the role of the mismatch repair complex
Msh2-Msh3 in promoting TNR expansions. We
demonstrate that Msh2-Msh3 promotes CTG and
CAG repeat expansions in vivo in Saccharomyces
cerevisiae. Furthermore, we provide biochemical evi-
dence that Msh2-Msh3 directly interferes with normal
Okazaki fragment processing by flap endonuclease1
(Rad27) and DNA ligase I (Cdc9) in the presence of
TNRsequences, therebyproducingsmall, incremental
expansion events. We believe that this is the first
mechanistic evidenceshowing the interplay of replica-
tion and repair proteins in the expansion of sequences
during lagging-strand DNA replication.INTRODUCTION
Errors in DNA replication are hypothesized to cause trinucleotide
repeat (TNR) sequences to expand (McMurray, 2010), specifi-
cally during lagging-strand replication (Ireland et al., 2000;
Schweitzer and Livingston, 1998). Lagging-strand maturation
requires Okazaki fragments to be processed and joined into
a continuous strand. DNA polymerase d (pol d) is responsible
for the extension of Okazaki fragments and initiates their pro-
cessing by displacing the 50 end of one fragment while extending
the 30 endof the preceding fragment (Balakrishnan andBambara,
2011). ThenewlydisplacedDNA formsa50 flap structure,which is
cleaved by flap endonuclease 1 (Rad27) (Bambara et al., 1997;
Lieber, 1997). This creates a nick that is subsequently sealed
by DNA ligase I (Cdc9) (Balakrishnan and Bambara, 2011).216 Cell Reports 2, 216–222, August 30, 2012 ª2012 The AuthorsGenetic studies in yeast suggest that both Rad27 and Cdc9
prevent TNR repeat expansions, as the downregulation of either
protein leads to a higher frequency of expansions (Ireland et al.,
2000; Schweitzer and Livingston, 1998). The mismatch repair
(MMR) complex Msh2-Msh3 has also been implicated in TNR
expansion, as the knockdown of either subunit was shown to
lead to a decrease in the expansion rate of CTG andCAG repeats
in a mouse model for Huntington’s disease (Manley et al., 1999;
Owen et al., 2005). Similarly, a lower rate of expansion was also
observed in Msh3-deficient DM1 transgenic mice, a model for
myotonic dystrophy type I (Foiry et al., 2006; van den Broek
et al., 2002). Eukaryotic MMR is initiated by the recognition of
mispaired sequences, resulting in either small loops [1–13 nucle-
otides (nt) long] or single nucleotide loops and mispairs, by the
Msh2-Msh3 or Msh2-Msh6 repair complex, respectively (Kolod-
ner and Marsischky, 1999). Because the main function of the
mismatch proteins is to maintain genome integrity, the role of
Msh2-Msh3 in promoting repeat expansions has been an area
of intense interest in the past few years.
Here we demonstrate that Msh2-Msh3 contributes to CTG
and CAG repeat expansion in Saccharomyces cerevisiae. We
further present mechanistic details of how Msh2-Msh3 can
promote TNR expansions by altering the activity of Rad27 and
Cdc9 on DNA intermediates formed during Okazaki fragment
processing (OFP). These details were revealed by the dynamic
nature of the DNA substrates we employed, which, in contrast
to those used in previous studies, were free to adopt various
TNR structure conformations. Using this unique system, we
observed a bias toward incremental TNR expansion in the pres-
ence of Msh2-Msh3.RESULTS AND DISCUSSION
Msh2-Msh3 Contributes to Sequence Expansion in
S. cerevisiae
Msh2-Msh3 has been implicated in repeat expansions in mice,
and since we intended to examine this phenomenon in yeast,
we first questioned whether the Msh complex is required for
expansions in S. cerevisiae. We used a reporter system that
was developed to detect lagging-strand expansions in







(CAG)25 WT (n = 109) 1.2 3 10
6
(6.5 3 107 to 2.1 3 106)
msh3D (n = 89) 2.4 3 107
(1.6 3 107 to 2.8 3 107)
msh6D (n = 87) 2.4 3 106
(1.7 3 106 to 2.9 3 106)
(CTG)25 WT (n = 50) 3.0 3 10
5
(2.1 3 105 to 7.4 3 105)
msh3D (n = 49) 1.0 3 106
(2.8 3 107 to 2.2 3 106)
msh6D (n = 59) 1.5 3 104
(9.0 3 105 to 2.0 3 104)
(C,A,G)25 WT (n = 89) <1 3 10
8
msh3D (n = 90) <1 3 108
msh6D (n = 30) <1 3 108
(C,T,G)25 WT (n = 40) <1 3 10
8
msh3D (n = 90) <1 3 108
msh6D (n = 51) <1 3 108
See also Figure S1.
aSequence of the repeat tract on the lagging daughter strand.
bGenetic background affected bona fide expansions (see Supplemental
Information). The observed percentages of expansion for each strain
were as follows: WT (CTG)25 = 100%; WT (CAG)25 = 90%; msh3D
(CTG)25 = 91%; msh3D (CAG)25 = 63%; msh6D (CTG)25 = 90%; msh6D
(CAG)25 = 55%. These were not incorporated into the rate calculations.
cRates determined by the method of the median, as described by Drake
(1991); 95% CIs are from tables calculated by Nair (1940) and Dixon and
Massey (1969).S. cerevisiae (Dixon et al., 2004; Miret et al., 1998). The sequence
(CTG)25, (CAG)25, or scrambled (C,A/T,G)25 was positioned on
the lagging strand, fused to a URA3 reporter gene (Figure S1).
Expansions of five or more repeats cause inactivation of the
URA3 gene and resistance to 5-FOA. Because msh2D has
essentially the same expansion rate as the wild-type (WT) (Miret
et al., 1998), we chose to examine the effect of msh3D and
msh6D, whose gene products interact with Msh2 to form two
distinct heterodimeric complexes. Cells harboring an msh3D
mutation showed a significant decrease in expansion rates for
both CTG (10–20-fold) and CAG (5-fold) sequence repeats
on the lagging daughter strand as compared with the WT strain
(Table 1; p < 0.0001 for each). This result is specific for theMsh2-
Msh3 complex, because msh6D cells showed a significant
increase rather than a decrease in expansion rate, at least for
the CTG repeat (5-fold; Table 1; p = 0.0091). Furthermore,
the scrambled sequences did not show any significant differ-
ence in expansion rate between the WT and mutant strains.
These data suggest that the absence of an expansion phenotype
in msh2D cells could derive from opposing effects of Msh2-
Msh3 and Msh2-Msh6 on lagging-strand synthesis. Our results
show that in similarity to the case with mice, Msh2-Msh3
promotes TNR expansions in S. cerevisiae, solidifying the yeastsystem as a relevant model for characterizing the mechanism of
expansion.
The Msh Complex Interferes with Rad27 and Cdc9
Activity on their Cognate Substrates
Msh2-Msh3 has affinity for DNA substrates containing double-
strand (ds)/single-strand (ss) junctions. Specifically, Msh2-
Msh3 has a preference for binding junctions with 30 ssDNA,
consistent with its role in MMR and double-strand break repair,
and also binds 50 flap intermediates that form during OFP (Surt-
ees and Alani, 2006). To determine whether Msh2-Msh3 binds
preferentially to the base of a 50 flap, we performed 1,10-phenan-
throline-copper (OP-Cu) footprinting on duplex DNA containing
an 18 nt unannealed region, simulating an 18 nt, 50 flap interme-
diate. Msh2-Msh3 bound to the base of a 50 flap (Figure 1A and
Figure S2), with a pattern that is similar to that observed with the
30 flap (Surtees and Alani, 2006). This is also the site that Rad27
initially binds before cleavage (Gloor et al., 2010; Tsutakawa
et al., 2011). To determine whether Msh2-Msh3 can influence
Rad27 flap processing, we performed cleavage assays using
50 flap substrates with varying flap lengths. A titration of Msh2-
Msh3 in the presence of Rad27 resulted in a significant decrease
(3- to 5-fold) of cleavage products for all flap lengths tested (Fig-
ure 1B). To verify the binding specificities of Rad27 and Msh2-
Msh3 on a 50 flap substrate, we performed gel shift assays using
a 10 nt and 20 nt flap substrate. After prebinding Rad27 to the
substrates (Figure 1C, lanes 2 and 9), we titrated Msh2-Msh3
into the reactions (Figure 1C, lanes 3–7 and 10–14). Msh2-
Msh3 competed with Rad27 for binding to flap substrates, as
indicated by the disappearance of the Rad27-bound band
upon titration of Msh2-Msh3. In combination with the footprint-
ing data, the cleavage and gel shift assay results suggest that
Msh2-Msh3 can inhibit Rad27 flap processing by competing
for binding to the base of a 50 flap intermediate (Figure 1B).
Another preferred structure for Msh2-Msh3 binding is a DNA
bubble (Surtees and Alani, 2006), a structure that is known to
form during polymerase pausing and subsequent DNA misalign-
ment (Liu and Bambara, 2003). It was previously proposed that
the ligation of Okazaki fragments containing such structures
can lead to sequence expansion (Wells, 1996). To determine
whether the activity of Cdc9 is affected in the presence Msh2-
Msh3, we designed substrates containing a 12 nt unannealed
bubble in the downstream primer. These substrates also con-
tained a nick at a distance of 2, 4, or 6 nt of complementary
DNA from the 50 end of the bubble. The substrate with the 2 nt
annealed region could not be ligated into an expanded product
(Figure 1D, lane 2) because DNA breathing can prevent it from
forming a stable bubble structure (Liu and Bambara, 2003).
Even though the 4 nt and 6 nt substrates were ligated, the latter
was ligated more efficiently (Figure 1D, lanes 9 and 16). In the
presence of Msh2-Msh3, the ligation efficiency of the 4 nt
substrate was reduced (Figure 1D, lanes 10–14). Ligation of the
6 nt substrate was unaffected. OP-Cu footprinting of Msh2-
Msh3 bound to a 12 nt bubble substrate revealed that Msh2-
Msh3 interacts with and distorts DNA up to 4 nt from the 50
end of the bubble (Figure 1A and Figure S2). The footprinting
analysis correlates with the ligation assay results, because the
position of the nick influences Cdc9 activity when it is withinCell Reports 2, 216–222, August 30, 2012 ª2012 The Authors 217
Figure 1. Msh2-Msh3 Interacts with OFP Intermediates to Alter Rad27 Processing and Cdc9 Efficiency
(A) Msh2-Msh3 protection pattern on a 50 flap substrate (top) and nicked bubble substrate (bottom) resulting from OP-Cu cleavage analysis (see Supplemental
Experimental Procedures and Figures S2A and S2B). Circles, protection (<50%of no protein control); triangles, enhanced cleavage (>150%of no protein control).
(B) Rad27 cleavage assay on substrates with various-length 50 flaps (5, 10, 20, and 30 nt). Substrates were incubated with Rad27 (2.5 nM) and increasing
concentrations of Msh2-Msh3 (0, 12.5, and 25 nM). Top: Substrate illustration with asterisk indicating the site of 32P label.
(C) Msh2-Msh3 competes with Rad27 for binding at the base of a 50 flap. An electrophoresis mobility shift assay was used to study the substrate binding effi-
ciency. Flap substrates (10 and 20 nt) were preincubated with 2.5 nM Rad27 for 10 min before addition of increasing concentrations of Msh2-Msh3 (0, 2.5, 12.5,
25, and 37.5 nM). The labeled substrate is illustrated above, with the asterisk indicating the site of the 32P label. The formed complexes are indicated beside the
gel, corresponding to the particular band shift. Bottom: Illustration of Msh2-Msh3 inhibition of Rad27 cleavage.
(D) Ligation assay on substrates containing a 12 nt unannealed bubble region separated from a nick by various-length annealed DNA regions (2, 4, and 6 nt).
Substrates were incubated with Cdc9 (12.5 nM) and increasing concentrations of Msh2-Msh3 (0, 2.5, 5, 12.5, 25, and 37.5 nM). Top: Substrate illustration with
asterisk indicating the site of 32P label. Bottom: Illustration of Msh2-Msh3 inhibition of Cdc9.(but not when it is outside of) the Msh2-Msh3 binding region (4 nt
or 6 nt, respectively, from the bubble; Figure 1D). Additionally,
even though the footprinting data show that Msh2-Msh3 distorts218 Cell Reports 2, 216–222, August 30, 2012 ª2012 The AuthorsDNA structure, it did not promote the ligation of a DNA bubble
into an expanded sequence (Figure 1D, lanes 3–7). Thus, our
results suggest that for substrates that cannot be efficiently
Figure 2. Msh2-Msh3 Interferes with Rad27 Processing and Cdc9 Efficiency to Create Expanded Sequences
(A) Expansion assay on an equilibrating flap substrate, with each flap composed of either 10 CTG repeats or 30 randomly generated nucleotides. Substrates were
incubated with Rad27 (2.5 nM), Cdc9 (37.5 nM), and increasing concentrations of Msh2-Msh3 (0, 5, 12.5, 25, 37.5 nM or 0, 12.5, 25, 27.5 nM). Top: Illustration of
substrate equilibrating conformations, with asterisk indicating the site of 32P label, and TNRs in gray. See also Figure S3.
(B) Illustration of Rad27 cleavage intermediates for equilibrating flap substrate.
(C) Expansion assay on an equilibrating flap substrate containing equilibrating flaps composed of three CTG repeats. Substrates were incubated with Rad27
(2.5 nM), Cdc9 (37.5 nM), and increasing concentrations of Msh2-Msh3 (2.5, 5, 12.5, 25, 37.5 nM). Top: Illustration of substrate equilibrating conformations, with
asterisk indicating the site of 32P label, and TNRs in gray.ligated (e.g., a 4 nt substrate), Msh2-Msh3 further inhibits their
ligation by binding to the nicked sites and blocking Cdc9 activity.
TNR Expansions Are Created by the Coordinated
Activity of Rad27, Cdc9, and Msh2-Msh3 during OFP
The presence of Msh2-Msh3 can significantly influence the
activity of both Rad27 and Cdc9 on their cognate substrates;
therefore, we asked whether it could affect their combined
activity on TNR-containing replication intermediates. During
replication at TNR tracts, the polymerase has the potential to
pause and dissociate from the DNA (Kang et al., 1995; Viguera
et al., 2001). Such events allow for the newly synthesized strand
and displaced flap to compete for annealing to the template (Liu
and Bambara, 2003). To simulate such intermediates, we de-signed equilibrating flap substrates in which the downstream
and upstream primers overlap and compete for template anneal-
ing over a 30 nt region. Therefore, the substrate can equilibrate
into different conformations, with 50 and/or 30 flaps of various
sizes, depending on how the primers anneal to the template.
The equilibrating sequences consisted of either ten CTG repeats
or 30 nt of a randomly generated sequence, which was predicted
not to form any structure (Figure 2A). Similarly to previous reports
showing that such large flaps cannot be effectively ligated (Veer-
araghavan et al., 2003), we did not observe the formation of a fully
expanded product (104 bp) in the presence of Cdc9 (Figure 2A,
lane 3). Incubation of the substrate with Rad27 and Cdc9 re-
sulted in the majority of products being correctly processed
(74 bp; Figure 2A, lane 4), because Rad27 effectively cleavedCell Reports 2, 216–222, August 30, 2012 ª2012 The Authors 219
Figure 3. Model of TNR Sequence Expansion in Yeast
During Okazaki fragment maturation, the polymerase (pol d) reaches the 50 end
of the adjacent Okazaki fragment and causes strand displacement. At TNRs
(gray), the polymerase dissociates from the DNA and allows for the newly
synthesized strand and displaced 50 flap to compete for annealing to the
template. The DNA equilibrates into multiple structural conformations during
this process. Left: The upstream newly synthesized flap anneals completely to
the template. Msh2-Msh3 binds at the base of the 50 flap and inhibits Rad27
and Cdc9. Right: Msh2-Msh3 binds and stabilizes loops of various lengths
within the two equilibrating flaps. This causes the 50 flap to partially anneal to
the template and create various-length flaps. Rad27 and Cdc9 process these
flaps to create expanded sequences of various lengths.at the base of the flap, creating a nick for Cdc9 to seal. Of
interest, a minority of various-length expansion products was
observed only with the substrate containing CTG repeats (Fig-
ure 2A, lane 4) and not the randomly generated sequence (Fig-
ure 2A, lane 12). Of significance, the titration of Msh2-Msh3
into reactions containing both Rad27 and Cdc9 resulted in the
decrease of the correctly processed product and the preferential
increase of only smaller expansion products for TNR substrates,
corresponding to one or two repeats (Figures 2A, lanes 5–8, and
2B). This increased the ratio of partially expanded to correctly
processed products 4.3-fold as compared with the ratio
produced without Msh2-Msh3.
It was previously reported that Rad27 cleavage of such inter-
mediates containing TNRs generates multiple cleavage prod-
ucts because the two competing sequences interact with the
template at various positions and equilibrate into different
conformations (Liu et al., 2009; Veeraraghavan et al., 2003).
This produces various-length 50 flaps that can be cleaved and
ligated to the upstreamprimer to create expanded products (Fig-
ure 2B). To determine whether these expanded products could
also be a result of Rad27 cleavage upstream of the flap base,
we examined substrates containing only a static 50 flap consist-
ing of ten CTG, four CTG, or four CAG repeats. Alternate Rad27220 Cell Reports 2, 216–222, August 30, 2012 ª2012 The Authorscleavage patterns could be observed (Figure S3A), presumably
corresponding to secondary structure formation within the 50
flap (Vallur and Maizels, 2010). Even though Rad27 cleaved at
multiple sites upstream of the base (Figure S3A), only a single
2 nt expansion product was observed with the addition of
Cdc9 (Figures S3B and S3C), corresponding to a single flap
conformation that could be processed into an expanded
sequence for this static substrate. Of interest, the presence of
Msh2-Msh3 in the reactions promoted the accumulation of the
expanded product and decreased the formation of the correctly
processed product (Figures S3B and S3C). These results indi-
cate that the cleavage and ligation patterns of TNR-containing
50 flaps can be altered by the formation of structure within
the flap, an effect that is enhanced by the interaction with
Msh2-Msh3.
Our findings obtained with a large equilibrating flap indicate
that Msh2-Msh3 favors the creation of small expansions
rather than large ones. We therefore investigated the effect of
Msh2-Msh3 on a smaller equilibrating flap substrate that could
efficiently ligate into an expanded sequence. This substrate
was designed to contain small equilibrating 9 nt flaps consisting
of three CTG repeats that would compete for annealing to the
template. Additionally, the downstream primer contained seven
more CTG repeats that could fully anneal to the template without
competition, in order to enhance the possible structural confor-
mations the substrate could adopt. Incubation with Rad27 re-
sulted in a predominant population of cleavage products that
correspond to cleavage at the base of the flap (39 bp; Figure 2C,
lane 2). A fully expanded product was also observed upon incu-
bation with Cdc9 (75 bp; Figure 2C, lane 3). The combined
addition of Rad27 and Cdc9 produced both a correctly pro-
cessed (66 bp) and fully expanded product (Figure 2C, lane 4).
Upon titration of Msh2-Msh3, however, smaller expansion prod-
ucts (69 and 72 bp) were predominant over the larger fully
expanded product (Figure 2C, lanes 5–9). These products are
not observed with substrates containing short equilibrating flaps
consisting of randomly generated sequences (data not shown).
Specifically, Msh2-Msh3 caused up to an 3.3-fold increase in
the accumulation of smaller expansion products (Figure 2C,
lane 9). These data are all consistent with Msh2-Msh3 binding
and stabilizing small TNR structures that form within the flaps.
Mechanism of TNR Expansion during Lagging-Strand
DNA Replication
Our results suggest thatMsh2-Msh3 promotes the accumulation
of expanded products not only by inhibiting Rad27 cleavage at
the base of 50 flaps but also by stabilizing small loop structures
(Lang et al., 2011) formed during the equilibrating conformations
of TNR OFP intermediates (Figures 2B and 3). Since our analysis
of static TNR 50 flaps indicated that they are structured, it is likely
that a 30 flap of the same sequence would form structure as well.
Thus, it is possible that for equilibrating TNR flaps, the Msh
complex not only inhibits the correct processing of 50 flaps but
also binds and stabilizes small loops formed within the 30 flap,
consistent with previous reports showing that Msh2-Msh3
has a binding preference for 30 flap over 50 flap intermediates
(Surtees and Alani, 2006). This would allow for the downstream
50 flap to anneal farther along the template and vary in size
(Figures 2D and 3). The cleavage and ligation of such shorter
flaps could lead to the creation of an expanded sequence.
Furthermore, our data reveal that the Msh complex also
inhibits cleavage of non-TNR flap intermediates. Previous
studies suggested that although Msh2-Msh3 can efficiently
dissociate from non-TNR DNA structures, it cannot as readily
dissociate from TNR structured DNA and remains stuck in
a bound conformation (Lang et al., 2011; Owen et al., 2005).
Hence, even though we observe Rad27 cleavage inhibition on
non-TNR flaps by Msh2-Msh3 in vitro, cellular conditions may
regulate the dissociation of the Msh complex from non-TNR
repeat structures. The stuck conformation of Msh2-Msh3,
however, would allow the protein complex to interfere more
effectively with the activity of the replication proteins only on
TNR intermediates. Even though Msh2-Msh3 DNA dissociation
is dependent on ATP hydrolysis (Gupta et al., 2011; Surtees
and Alani, 2006), previous studies showed that it remains stuck
on TNR sequences even in the presence of ATP (Lang et al.,
2011; Owen et al., 2005). Therefore, we repeated our experi-
ments with ATP. Our results show that expanded products
occurred at levels comparable to those reported in Figure 2
(data not shown).
The proposal of a stuck conformation of Msh2-Msh3 bound
to TNR structures (Lang et al., 2011; Owen et al., 2005) led inves-
tigators to focus on the ability of the complex to initiate or block
the repair of these structures. Of interest, studies indicated that
Msh2-Msh3 does not interfere with the repair of TNR structures
in vitro and can even promote the repair of small loops (Panigrahi
et al., 2005, 2010; Tian et al., 2009), which raised questions about
the mechanistic role of Msh2-Msh3 in DNA expansion. Those
studies, however, were performed in vitro on substrates with
a preformed TNR structure. In the study presented here, we
instead used equilibrating substrates, which have a propensity
to form TNR structures of varying size. Our results obtained
with this dynamic system support a model in which Msh2-
Msh3 plays a role in TNR expansion by shifting the equilibrium
of flaps into many structured conformations, which would affect
processing by RAD27 and Cdc9. Even though we observe this
effect on equilibrating structures of replication intermediates, it
need not necessarily inhibit repair at all TNR structures.
Msh2-Msh3 Promotes Incremental Expansions at TNR
Sequences during Lagging-Strand DNA Replication
Our current results indicate a mechanism by which Msh2-Msh3
contributes to short TNR sequence expansions during OFP (Fig-
ure 3). Of importance, Msh2-Msh3 promotes short expansions,
leading to the incorporation of one or two repeats. We believe
that this model for expansion initiation supports the observation
that the progression of expansions per replication cycle is very
slow (McMurray, 2010). This is in contrast to both nondividing
neuronal cells and undifferentiated germ cells, in which expan-
sion events involve the production of longer sequences (McMur-
ray, 2010). Evidently, additional mechanisms can expand TNRs,
including errors made during DNA base excision repair (Liu and
Wilson, 2012). Additionally, our footprinting analysis of the 50 flap
substrate suggests that Msh2-Msh3 has access to lagging-
strand replication intermediates, perhaps to help localize MMR
to the lagging strand. Thus, although MMR may be active onboth replicating strands, our results suggest that the Msh
complex can interact directly with the lagging strand during pro-
cessing, consistent with reports suggesting that MMR occurs
more frequently on this strand (Pavlov et al., 2003). Although
the role of Msh2-Msh3 in expansions is counterintuitive, our
model suggests that its involvement is an undesirable side-effect
of its main function as a repair complex in binding to small loops
containing mismatches (Kolodner and Marsischky, 1999). We
expect that our findings on the Msh complex role in TNR
sequence expansions will contribute to a better mechanistic
understanding of how expansions result in neuromuscular
diseases.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
S. cerevisiae Cdc9 (Cdc9p) and Msh2-Msh3 were overexpressed in
S. cerevisiae and purified as described previously (Ayyagari et al., 2003; Lee
et al., 2007; Surtees and Alani, 2006). S. cerevisiae Rad27 (Rad27p) was
overexpressed in Escherichia coli and purified as described previously (Kao
et al., 2002).
Fluctuation Analysis
TNR substrates were integrated into WT, msh3D, and msh6D strains as
described previously (Dixon et al., 2004; Miret et al., 1998). Four different
substrates were used and integrated into the three genetic backgrounds, with
the following sequence on the lagging daughter strand: (1) a (CTG)25 repeat
(pBL69), (2) a (CAG)25 repeat (pBL70), (3) a scrambled (C,T,G)25 repeat
(pBL138), and (4) a scrambled (C,A,G)25 repeat (pBL139). Each repeat tract
was cloned into the regulatory region that controls expression of the URA3
reporter gene. When the distance between the TATA box and the initiator ATG
for the URA3 gene is increased beyond 29 repeats, URA3 is no longer ex-
pressed, making the cells resistant to 5-FOA. Colonies were then counted and
expansion rates calculated as described previously (Drake, 1991). The 95%
confidence intervals (CIs) were determined from tables of CIs for the median
(Dixon and Massey, 1969; Nair, 1940), and p values were determined by
Mann-Whitney rankanalysis. Also, seeSupplemental Experimental Procedures.
Cleavage, Ligation, and Expansion Assays In Vitro
All reactions were performed in 20 ml of 1X MSH buffer (30 mMHEPES, 40 mM
KCl, 4 mM MgCl2, 0.01% NP-40, 0.5% inositol, 0.1 mg/ml BSA, 1 mM dithio-
threitol [DTT], and 5% glycerol). All reactions were mixed with 0.25 nM DNA
substrate on ice and incubated at 37C for 10 min. Fold inhibition of Rad27
cleavage was calculated by dividing the percentage of Rad27 cleaved in the
presence of Msh2-Msh3 by the percentage cleaved in its absence (Balak-
rishnan et al., 2010). Fold inhibition of Cdc9 activity was calculated by dividing
the percentage of Cdc9 ligated in the presence of Msh2-Msh3 by the
percentage ligated in its absence (Balakrishnan et al., 2010). Expansions
were calculated as the percentage of expanded product divided by the
percentage of correctly processed product (Balakrishnan et al., 2010). Fold
expansion was calculated by dividing the percentage of expansion in the pres-
ence of Msh2-Msh3 by the percentage of expansion in its absence. Also see
Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
three figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2012.06.020.
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